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We report results on the electrodynamic response of T iOCl, a low-dimensional spin-1/2 quantum
magnet that shows a spin gap formation for T< Tc1= 67 K. The Fano-like shape of a few selected
infrared active phonons suggests an interaction between lattice vibrations and a continuum of low
frequency (spin) excitations. The temperature dependence of the phonon mode parameters extends
over a broad temperature range well above Tc1, indicating the presence of an extended fluctuation
regime. In the temperature interval between 200 K and Tc1 there is a progressive dimensionality
crossover (from two to one), as well as a spectral weight shift from low towards high frequencies.
This allows us to identify a characteristic energy scale of about 430 K, ascribed to a pseudo spin-gap.
PACS numbers: 78.20.-e, 71.36.+c
I. INTRODUCTION
Low-dimensional quantum spin systems, based on
complex transition metal oxides, recently attracted a lot
of attention, particularly as a fascinating playground to
study spin-charge separation, spin-gap states and quan-
tum disorder. Proposals, that the exotic properties of
low-dimensional spin-1/2 quantum magnets might also
play a major role in shaping the mechanism for high tem-
perature superconductivity, led to a vigorous experimen-
tal activity on materials involving Cu2+ ions with a 3d9
configuration (S=1/2). Other examples of S=1/2 are no-
tably T i3+ and V 4+ systems in d1 configuration (i.e., one
single d-electron occupies one of the t2g orbitals). In this
respect, the layered T iOX (X = Cl and Br) compounds
are most promising and are candidates for exotic elec-
tronic configurations as in the resonating-valence-bond
(RVB) model1 and for superconductivity based on dimer
fluctuations2,3.
T iOCl has been first considered as a two-dimensional
antiferromagnet, an electron analog to the high-
temperature cuprates. This was based on considera-
tions about the electronic properties and on the bi-layer
structure of the compound formed by edge-sharing, dis-
torted T iO4Cl2 octahedra
3. High quality single crystals
of T iOCl display a kink in the spin susceptibility χ(T )
below about Tc2=94 K, followed by a pronounced drop
at Tc1=67 K. This leads to a non-magnetic ground state
at Tc1, therefore signaling the opening of a singlet-triplet
spin-gap3,4. It has been proposed that the effective di-
mensionality of the T iO layers is reduced from two to one
by an orbital ordering at T i3+ sites and that the singlet
ground state is reached by a phase transition also involv-
ing lattice degrees of freedom. Consequently, the spin
gap formation and the associated fluctuations in T iOCl
emerge in an entirely new perspective from a quantum
antiferromagnet and a scenario based on a spin-Peierls
(SP) transition occurring below Tc1 has been accredited
as the most plausible interpretation of the experimental
findings3.
The title compound seems to be also an ideal mate-
rial to investigate a broken symmetry ground state with
orbital degrees of freedom but without charge ordering.
The relevant role played by large electronic energy scales,
associated to the orbital degrees of freedom, differenti-
ates T iOCl from CuGeO3 and NaV2O5, two other inten-
sively studied spin-Peierls systems: CuGeO3 being char-
acterized by a state without orbital and charge degrees
of freedom, NaV2O5 with orbital and charge degrees of
freedom4,5,6,7. In this context, it is worth mentioning
that the coupling of orbital to spin degrees of freedom in
a chain system may establish a novel route to the forma-
tion of spin gap states and spin-orbital excitations8,9,10.
Optical methods, like infrared or Raman spectroscopy,
are powerful experimental tools in revealing the char-
acteristic energy scales associated to the development
of broken symmetry ground states, driven by magnetic
and/or structural phase transitions. Indeed, information
on the nature of the electronic (magnetic) ground state,
lattice distortion and interplay of electronic (magnetic)
2and lattice degrees of freedom can be obtained study-
ing in detail the electronic (magnetic) excitations and
the phonon spectrum, as a function of temperature. Fur-
thermore, the role played by strong quantum fluctuations
in S=1/2 systems, an issue of key importance, can be
addressed as well. We provide here a complete set of
infrared optical data on T iOCl and a thorough analysis
of its electrodynamic response. The paper is organized
as follows: we first briefly describe the experiment and
present the data; the discussion will then emphasize the
temperature dependence of the phonon spectrum from
where we extract relevant information about the spin-
gap ground state below Tc1.
II. EXPERIMENT AND RESULTS
Our T iOCl single crystals were synthesized by stan-
dard vapor-transport techniques from T iO2 and T iCl3,
according to the procedure described in Ref. 11. The
crystals were checked by X-ray diffraction experiments
and static magnetic susceptibility3,4. T iOCl is an oxy-
halogenide with layered structure formed of T i3+O2− bi-
layers, separated by Cl− bi-layers. The basic T iO4Cl2
octahedra build an edge-shared network in the ab-plane
of the orthorhombic unit cell. χ(T ), besides the al-
ready mentioned kink and sharp drop at Tc2 and Tc1
respectively, is also characterized by a broad maximum
around 400 K. Above 100 K χ(T ) can be fitted by a
S=1/2 Heisenberg spin chain model with an antiferro-
magnetic (AF) exchange coupling constant J = 660 K
(Ref. 3). Furthermore, the specific heat Cp(T ) displays
an anomaly only at Tc2 (Ref. 12).
We have measured the optical reflectivity R(ω) from
the far infrared (FIR) up to the ultra-violet (UV) spectral
range at temperatures between 10 and 300 K and also as
a function of magnetic field. Since we did not find any
magnetic field dependence, we will focus on the tempera-
ture dependence only. The Kramers-Kronig (KK) trans-
formation of R(ω) allows us to evaluate the optical func-
tions, like the real part σ1(ω) of the optical conductivity.
Further details pertaining to the experimental method
can be found elsewhere13. Light was linearly polarized
along the chain b-axis and the transverse a-axis1,3. In or-
der to avoid leakage effects of the polarizer, the polariza-
tion of light in our experiment always coincides with the
vertical axis of the sample mounting so that the investi-
gated crystallographic direction was perfectly parallel to
the polarization of the light beam. Therefore, the polar-
ization dependence was obtained by rotating the sample
(instead of the polarizer) by 900 degrees inside the cryo-
stat. This assures that no undesired projections of the
light polarization along any transverse crystallographic
direction occurs in our experiment.
Figure 1 summarizes our results, by focusing the atten-
tion on the temperature dependence of R(ω) in the in-
frared spectral range and for both polarization directions.
The insets display the whole R(ω) spectra at 300 K with
0
20
40
60
80
R
e
fl
e
ct
iv
it
y
 (
%
)
TiOCl a-axis
10 K
100 K
150 K
220 K
300 K
0 200 400 600 800
0
20
40
60
80
Frequency (cm-1)
R
e
fl
e
ct
iv
it
y
 (
%
)
TiOCl b-axis
10 K
100 K
150 K
200 K
300 K
(a)
(b)
102 103 104 105
0
20
40
60
80 fit
102 103 104 105
0
20
40
60
80 fit
FIG. 1: Optical reflectivity R(ω) in the infrared spectral range
of T iOCl along the a-axis (a) and b-axis (b). The insets show
the whole spectra at 300K up to the ultraviolet spectral range
and the fit as described in the text.
a logarithmic energy scale. The first obvious observation
is the strong anisotropy of the optical response within
the ab-plane and for photon energies below ∼ 104 cm−1.
Despite the two dimensional layered-like structure, the
anisotropy in the lattice dynamics may be considered as
a signature for the low dimensionality of T iOCl. Figure 2
reproduces the real part σ1(ω) of the optical conductivity
at 300 K in the far infrared spectral range, as obtained
from the KK transformation of R(ω). The inset in panel
(b) enhances the visible spectral range, stressing the fea-
ture around 8x103 cm−1 (∼ 1 eV ) for both polarization
directions. Above 4x104 cm−1 the σ1(ω) spectra (not
shown here, see Ref. 14 for more details) were found to
be polarization independent.
III. DISCUSSION
The high frequency part of the excitation spectrum14
is dominated by electronic interband transitions (Fig. 1
and inset Fig. 2b). Recent LDA+U calculations3, using
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FIG. 2: Real part σ1(ω) of the optical conductivity at 300 K
in the infrared spectral range of T iOCl along the a-axis (a)
and b-axis (b). The total fit and its components, identified in
the legend by their respective resonance frequency in cm−1,
are also shown24. The inset enlarges the visible spectral range
and the arrow indicates the feature at 8100 cm−1 (1 eV ) for
both polarizations (see text). The temperature dependence
of σ1(ω) was already shown in Ref. 14.
the full-potential LMTOmethod, predict a split-off of the
(one-dimensional) t2g bands creating an insulating state
with a (charge) gap of about 8100 cm−1 (1 eV ). The t2g
band is derived from the dxy orbitals corresponding to the
linear T i-chains along the crystallographic b-axis3. This
agrees with our data displaying a peak at ∼ 8x103 cm−1
along the chain b-axis and a pronounced shoulder at the
same energy along the transverse a-axis (see arrow in
inset of Fig. 2b). The same band structure calculations3
suggest furthermore interband transitions between the O
and Cl p-levels and the T i d-levels at energies between
3.2x104 and 5.6x104 cm−1 (4 and 7 eV ). This is again
very much in agreement with the absorption features seen
in our σ1(ω) spectra (see insets of Fig. 1 in Ref. 14) along
both polarization directions.
FIG. 3: Schematic representation of the eigenvectors for the
B3u and B2u normal modes in T iOCl. The atom displace-
ments for the IR active phonons occur within the ab-plane.
The calculated normal frequencies in cm−1 are compared with
the observed values (in brackets).
In the far infrared spectral range (main panels of Fig.
1), several absorptions dominate the R(ω) spectra. The
absorption features are better seen in the real part σ1(ω)
of the optical conductivity (Fig. 2). On the one hand,
along the chain b-axis (Fig. 2b) there is a strong peak
at 294 cm−1 with additional absorptions, overlapped to
its low frequency tail, at 251 and 231 cm−1. Moreover,
we recognize broad absorptions at 177 cm−1 and around
90 cm−1. Along the transverse a-axis (Fig. 2a) on the
other hand, there is a strong peak at 438 cm−1 and less
intensive absorptions at 68, 104, 294, 347 and 387 cm−1,
as well as a very broad feature around 200 cm−1. A few
absorptions are furthermore characterized by an asym-
metric shape (see below). The strongest modes at 294
and 438 cm−1 along the b- and a-axis, respectively, dis-
play rather broad high frequency tails, which might be
indicative of some anharmonicity.
For T iOCl with the bisandwich layer structure of
FeOCl-type1, the space group Pmmn(59, D2h) can be
considered at room temperature, for which two B3u
modes polarized along the a-axis, two B2u along the b-
axis and two B1u along the c-axis can be predicted as
infrared (IR) active phonons. Because our samples are
rather thin, we only have access to the B2u and B3u
modes of the ab-plane. We note that 3Ag, 3B2g and 3B3g
4TABLE I: Infrared and Raman active phonon for T iOCl
after the space group Pmmn(59, D2h). The calculated (shell
model15) mode frequencies in cm−1 are compared to the ex-
perimentally obtained values (in brakets). Ag modes are ob-
servable in (aa) or (bb) polarization. B2g and B3g modes
are only accessible in (ac) and (bc) polarization, respectively,
with one polarization vector parallel to the c axis.
Infrared Raman
B1u B2u [a] B3u [a] Ag [b] B2g B3g
308 198 91 248 84 126
- (177) (104) (203) - -
433 333 431 333 219 237
- (294) (438) (365) - -
- - - 431 491 390
- - - (430) - -
[a] this work
[b] Ref. 14
Raman active phonons are expected, as well. For light
polarized within the ab-plane only the 3Ag modes, in-
ducing displacements along the c-axis, can be detected14.
Classical shell model calculations allow to extract eigen-
frequencies and eigenvectors for both Raman and IR-
active phonons of T iOCl (Ref. 15). As far as the IR
phonons are concerned, the calculations predict the B3u
(a-axis) phonons at 91 and 431 cm−1 and the B2u (b-
axis) at 198 and 333 cm−1. The agreement between the
calculated phonon frequencies and the experimental ob-
servation is pretty good. Particularly, the two high fre-
quency ones can be identified with the most pronounced
features in the experimental a- and b-axis spectra, re-
spectively. Figure 3 shows the normal mode eigenvec-
tor patters for the IR active phonons, resulting from our
shell model calculations. Table I summarizes the pre-
dicted and the so far experimentally determined phonon
frequencies for the IR-active modes and, as complement,
for the Raman-active modes14, as well.
Even though the calculated frequencies of the IR
phonon modes agree well with some features in our spec-
tra, a larger number of phonon-like absorptions than the-
oretically predicted is found for both polarizations. The
sample mounting chosen in our experiment (see above)
allows us to exclude leakage effects due to the polarizer.
However, one might invoke some twinning of the speci-
mens. This could lead to additional phonon modes, due
to the mixing of different polarization directions. This
possibility is, nevertheless, rather unlikely because of
the strong anisotropy of the optical spectra. If domains
would be present because of twinning, phonons for both
crystallographic axes would be detected for both polar-
izations of light and no anisotropy would be found. For
instance the peaks at 387 and 438 cm−1 along the a-
axis (Fig. 2a) are totally absent in the spectra along the
b-axis (Fig. 2b). The same applies for the sharp fea-
ture at about 104 cm−1 for the a-axis. Moreover as it
will be discussed in details below, the temperature de-
pendence in σ1(ω) can differ substantially even for ab-
sorptions coinciding at the same frequency in both po-
larizations. Therefore, we are confident that no common
features are shared in FIR among the two polarizations.
We propose that the effective space group corresponds to
a lower symmetry than assumed so far, or that additional
surface modes may become IR-active.
In order to shed light on the temperature dependence
of the phonon spectrum we have fitted the optical con-
ductivity with the so-called Fano expression16,17:
σ˜(ω) =
∑
j
iσ0j
(qj + i)
2
i+ x(ω)
, (1)
with x(ω) =
ω2
0j−ω
2
γjω
, where ω0j is the resonance fre-
quency, γj is the width (i.e., damping) and σ0j =
ω2pj/γjq
2
j with ωpj as the oscillator strength and qj as
the so-called asymmetry factor of the j-absorption. The
asymmetric line shape for the (sharp) phonon modes de-
rives from an interaction between lattice vibrations and
a continuum, usually given by an electronic background.
The interaction with a magnetic continuummay also lead
to a Fano lineshape, as shown in the Raman scattering
spectra of low dimensional spin systems7,18. It is ver-
ified easily that for the dimension-less Fano parameter
qj → ∞ one can recover the lineshape of the harmonic
Lorentzian oscillator13,16. The approach of eq. (1) was
successfully applied by Damascelli et al.19,20 to the spin-
Peierls system α
′
−NaV2O5.
Alternative approaches, based on the Fano theory17,
are available in the literatures. Here, we quote first of all
the work by Lupi et al.21 on the phonon interaction with
a polaronic background in Nd1.96Ce0.04CuO4+y. This
approach is based on the extension of Fano’s formalism
by Davis and Feldkamp (DF)22, who considered the case
of an interaction between an arbitrary number of dis-
crete states and continua. In this work, we will primarily
focus our attention on the fits of σ1(ω) after eq. (1).
Nevertheless, in order to stress the equivalence among
different approaches, we will discuss and compare the
relevant asymmetry qj-factors obtained with eq. (1) and
by the DF formalism. Secondly, we also mention the
discussion of the c-axis phonon modes in Y Ba2Cu3Oy
by Schu¨tzmann et al.23. In this phenomenological ap-
proach, the conventional Lorentz shape was modified by
a factor eiθ, where θ accounts for the asymmetry. This
model, however, does not add relevant physical insight to
the discussion with respect to the more simple Lorentz
model13. Therefore, it will not be considered further.
The total fit of σ1(ω) = Re(σ˜(ω)), covering the whole
spectral range from FIR up to UV, is obtained by sum-
ming over eleven and ten contributions in eq. (1) for the
a- and b-axis (Ref. 24), respectively. The fit of σ1(ω)
at 300 K and the single components in FIR for both
polarization directions are shown in Fig. 2. The repro-
duction of the experimental σ1(ω) curve is astonishingly
good and the same fit quality is obtained at all temper-
atures. In passing, we also note that the same set of fit
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FIG. 4: Temperature dependence along the b-axis of the per-
centage change with respect to 300 K (see text) for the reso-
nance frequencies (ω0j) (a), the oscillator strengths (ωpj) (b)
and the dampings (γj) (c) of the phonon modes (identified in
the legend by their respective resonance frequency in cm−1).
parameters24 allows us to reproduce the measured R(ω)
spectra (see, e.g., the fit of R(ω) at 300 K in the insets
of Fig. 1).
The temperature dependence of the fit parame-
ters (ω0j , γj , ωpj and qj)
24 is shown, as percent-
age change with respect to the 300 K data (e.g.,
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∆ω0j(T )/ω0j(300 K), with ∆ω0j(T ) = ω0j(T ) −
ω0j(300 K)), in Figs. 4, 5 and 6 for both polarizations.
Along the a-axis the lower seven while along the b-axis
the lower six oscillators are temperature dependent and
will be here discussed further. The overall temperature
dependence mainly develops below 200 K and tends to
6saturate below 100 K (particularly for the chain b-axis).
The temperature dependence, occurring in a broad tem-
perature interval and extending well above Tc1, is indica-
tive of an extended fluctuation regime, which has been
recognized in NMR data4, as well. The relaxation rates
of 35Cl sites show dynamic lattice distortion with on-
set at 200 K while for the 46,49T i sites, 1/TT1, which
probes the spin degrees of freedom, forms a maximum at
about 135 K (Ref. 4). Therefore, the interplay between
the lattice and spin degrees of freedom must be already
taking place at high temperatures. The temperature de-
pendence of 1/TT1 implies a pseudo-gap phase in the
homogeneous state of the spin system with an estimated
pseudo-gap ∆fluct ∼ 430 K (Ref. 4). The temperature
dependence of the ESR parameters (i.e., the ESR line
width ∆H and the so-called ESR g-tensor) also displays
a progressive evolution over a broad temperature range
between 200 K and Tc1 (Ref. 25). From the analysis of
the ESR signal it is claimed that a strong coupling be-
tween spin and lattice degrees of freedom exists and that
spin as well as orbital fluctuation effects above Tc1 may
be responsible for the peculiar temperature dependence
of various quantities (e.g., χ(T )).
The resonance frequencies (ω0j) of almost all phonons
tend to increase (Fig. 4a and 5a), though moderately
(i.e., the change does not exceed 4 %), with decreasing
temperature, indicating a progressive hardening of the
modes. The resonance at 320 cm−1 along the b-axis, ac-
counting for the broad high frequency tail of the mode at
294 cm−1, displays on the contrary a weak softening. A
well-defined soft mode is in principal expected in models
for the conventional SP transition where the structural
deformation is driven by a linear coupling between the
lattice and the magnetic degrees of freedom. As far as
the dynamical interplay between spins and phonons in
T iOCl is concerned, it is clear from the temperature de-
pendence of our optical spectra that neither a soft mode
nor a generalized red-shift in the resonance frequency of
the phonons have been detected. At this point, apart
from the 320 cm−1 mode along the b-axis, we speculate
that the transition at Tc1 is not driven by a softening of
the IR phonon spectrum. A final word on the soft mode
issue will only be possible with neutron scattering ex-
periments, since the lattice dimerization involved in the
Peierls transition is related to normal modes away from
the Brillouin zone center. From the perspective of the
IR spectrum, one could have hoped that the presence of
a soft mode would have resulted in an overall softening
of the phonon-branch it belongs to. The absence of a
clear signature for IR phonons softening is common to
other spin-Peierls systems, like CuGeO3 (Ref. 26). Nev-
ertheless, evidence for phonon softening has been found
in the Raman scattering experiments14. A broad feature
was identified at about 160 cm−1 for the chain b-axis
polarization. The weight of this signal gets confined and
softens down to 130 cm−1, i.e, by ∼ 20%, with decreas-
ing temperature. This mode is ascribed to a Brillouin
zone boundary phonon. The experimentally observed Ag
mode at 203 cm−1 (Table I) with light polarization along
the b-axis is its related Γ-point Raman-allowed phonon14.
Most of the phonon modes get narrow with decreasing
temperature (Fig. 4c and 5c). Only the mode at 294
cm−1 along the a-axis displays a broadening with de-
creasing temperature. Particularly the width γj of quite
all phonons along the chain b-axis follows very closely
the temperature dependence of the magnetic susceptibil-
ity χ(T ). The temperature dependence of γj in T iOCl
is very similar to the findings in α
′
− NaV2O5 (Refs.
19). The pronounced narrowing of the modes occur in
the temperature interval of the so-called pseudo spin-gap
phase identified in the NMR spectra4. It seems therefore
natural to relate this phonon narrowing with the suppres-
sion of low frequency spin fluctuations and to consider it
as another fingerprint for the coupled spin-lattice fluctu-
ations.
It turns out that most of the absorptions, seen in our
spectra (Fig. 1 and 2) and described by the j-components
in eq. (1), reduce to the Lorentzian-like (i.e., qj → ∞)
shape. Only the peak at 104 cm−1 along the a-axis and at
294 cm−1 along the b-axis display a Fano-like asymmetry.
The asymmetry (Fig. 6) of the mode at 104 cm−1 along
the a-axis gradually decreases (i.e., | qj | gets larger) with
decreasing temperature, although the mode remains con-
siderably asymmetric at all temperatures. This indicates
that there is a predominant interaction with the contin-
uum both above and below Tc1. On the other hand, the
temperature dependence of the asymmetry for the 294
cm−1 mode along the b-axis displays a clear crossover be-
tween 200K and Tc2 from an asymmetric Fano-like shape
(i.e., | qj | small) to a Lorentzian oscillator (i.e., | qj |
very large). The distinct behaviour in the temperature
dependence of the qj -factors within the ab-plane is a fur-
ther fingerprint for the anisotropy of the lattice dynamics
as well as of the coupling between phonon and contin-
uum. The clear Fano-Lorentz cross-over along the chain
b-axis suggests moreover the suppression of the interac-
tion with the continuum with decreasing temperature19.
This, combined with the anisotropic temperature depen-
dence of the qj-factors themselves, hints once more to a
progressive dimensionality cross-over (two-to-one) within
the ab-plane with decreasing temperature. Since qj < 0
for both asymmetric modes, the relevant continuum of
excitations, that is renormalized with temperature, cov-
ers an energy interval below the phonon resonance fre-
quencies. For the chain b-axis, this identifies a charac-
teristic energy scale of the order of 400 K. In Fig. 6, we
also report, for comparison, the qj-factor for both modes
as calculated from the Fano model based on the approach
of Davis and Feldkamp22. Even though the two Fano
approaches16,22 (eq. (1) and DF) are formally different
(i.e., they are characterized by different energy powerlaw
decays of the absorption coefficient), the corresponding
qj-factors are identical both in absolute value
24 and in
the relative percentage change (Fig. 6). This stresses
the equivalence of the Fano asymmetry concept (param-
eterized by the qj-factors) for both calculations.
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FIG. 6: (a) Temperature dependence of the asymmetry fac-
tor | qj | for the 104 cm
−1 mode along the a-axis and
the 294 cm−1 mode along the b-axis, calculated after eq.
(1). Note that qj < 0 for both polarization directions.
(b) Temperature dependence of the corresponding percent-
age changes with respect to 300 K (i.e., ∆qj(T )/qj(300 K),
with ∆qj(T ) = qj(T ) − qj(300 K)) for the asymmetry fac-
tor qj of the a- and b-axis. In addition, we also display the
qj-factor and its percentage change for both modes obtained
with the Fano formalism, based on the approach of Davis and
Feldkamp (DF)22. The equivalence of the two approaches (eq.
(1) and DF) is obvious.
The temperature dependence of the spectral weight en-
countered in the phonon spectrum is also of interest. We
have observed14 that the spectral weight encountered in
σ1(ω) at low frequencies tends to decrease below 200 K.
The total spectral weight, obtained by integrating σ1(ω)
up to the UV spectral range, however, is conserved and it
is fully recovered already by 104 cm−1 (∼ 1 eV )14. This is
confirmed by the behaviour of the squared (ω2pj) oscillator
strengths (Fig. 4b and 5b). Particularly for the b-axis,
the spectral weight is progressively removed with decreas-
ing temperature over a spectral range of roughly 400
K. This is in agreement with the energy scale identified
above in the analysis of the phonon asymmetry within
the Fano approach. Most of the suppressed weight at low
frequencies moves into the modes at 294 or 438 cm−1 or
into their high frequency tails along the b- and a-axis, re-
spectively. The remaining part of the suppressed weight
shifts from the elastic degrees of freedom towards zone
boundary (folded) modes or, as we favor for T iOCl, to
the electronic degrees of freedom at high energies. Again
this overall shift mainly occurs between Tc2 and 200 K.
Finally, the giant reduction of the phonon width, the
behaviour of the Fano qj-factors (particularly along the
b-axis) as well as the suppression of spectral weight in
FIR (Figs. 4, 5 and 6) suggest the presence and devel-
opment of a characteristic energy scale. Above all the
depletion of spectral weight over an energy range of the
order of 400 K is very much reminiscent of a similar be-
haviour in the Raman spectra, occurring over the same
energy interval with decreasing temperature and associ-
ated to the spin-gap opening14. Setting 2∆opt ∼ 300
cm−1 (∼ 430 K) as lower bound for the spin-gap energy,
we obtain a reduced gap ratio 2∆opt/kBTc1 ∼ 4.6 and 6.7
for Tc2 and Tc1, respectively. With respect to the mean-
field results (i.e., 2∆/kBTc ∼ 3.52) our larger gap ratios
might reveal competing exchange paths or electronic de-
grees of freedom14, but are more reasonable than those
obtained from recent NMR study4. Indeed, the extraor-
dinary larger spin-gap ∆fluct would correspond to a re-
duced gap ratio ranging between 9 and 13 for Tc1 and
Tc2, respectively. One can reconcile the outcome of a
typical local probe like NMR with the optical results,
which notably give an average perspective of the exci-
tation spectrum, by following the development of both
the magnetic and structural correlations. With decreas-
ing temperature down to Tc2 the coherence length of the
structural distortion increases and the magnetic correla-
tions cross-over from 2D to 1D (Ref. 14). The energy
gain at T < Tc2 is mainly related to the spin system.
Therefore, the related anomaly in the specific heat12 is
small and in conventional X-ray scattering no sign of a
coherent structural distortion can be found25. With fur-
ther decreasing T the structural distortion becomes long
range. Below Tc1, T iOCl has a conventional behaviour
closely related to a spin-Peierls system. Therefore, the
spin-gap 2∆fluct (from NMR
4) is the lowest energy for
the local double spin-flip in the short range order dis-
torted phase, while 2∆opt (from IR and Raman
14) is
the energy for the global spin-gap of the fully dimerized
chain.
8IV. CONCLUSION
The phase transition of T iOCl at Tc1 is not of sim-
ple character and several features point towards an un-
conventional spin-gap formation. Particularly intriguing
is the temperature dependence of the phonon spectrum
which, alike the NMR and ESR spectra, and the mag-
netic susceptibility, hints towards the key role of both
orbital and magnetic degrees of freedom in shaping the
magnetic properties of T iOCl. Fluctuation effects, ex-
tending over a broad temperature range from Tc1 up to
200 K, seem to be the most peculiar property of this
low-dimensional spin-1/2 quantum system and may be
indicative of a novel coupling between low and high en-
ergy scales.
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